Homocitrate synthase is the first enzyme of the lysine biosynthetic pathway. It is feedback regulated by L-lysine. Lysine decreases the biosynthesis of penicillin (determined by the incorporation of ["4C]valine into penicillin) by inhibiting and repressing homocitrate synthase, thereby depriving the cell of a-aminoadipic acid, a precursor of penicillin. Lysine feedback inhibited in vivo the biosynthesis and excretion of homocitrate by a lysine auxotroph, L2, blocked in the lysine pathway after homocitrate. Neither pencillin nor 6-,mninopenicillanic acid exerted any effect at the homocitrate synthase level. The molecular mechanism of lysine feedback regulation in Penicillium chrysogenum involved both inhibition of homocitrate synthase activity and repression of its synthesis. In vitro studies indicated that L-lysine feedback inhibits and represses homocitrate synthase both in low-and high-penicillin-producing strains. Inhibition of homocitrate synthase activity by lysine was observed in cells in which protein synthesis was arrested with cycloheximide. Maximum homocitrate synthase activity in cultures of P.
Homocitrate synthase is the first enzyme of the lysine biosynthetic pathway. It is feedback regulated by L-lysine. Lysine decreases the biosynthesis of penicillin (determined by the incorporation of ["4C]valine into penicillin) by inhibiting and repressing homocitrate synthase, thereby depriving the cell of a-aminoadipic acid, a precursor of penicillin. Lysine feedback inhibited in vivo the biosynthesis and excretion of homocitrate by a lysine auxotroph, L2, blocked in the lysine pathway after homocitrate. Neither pencillin nor 6-,mninopenicillanic acid exerted any effect at the homocitrate synthase level. The molecular mechanism of lysine feedback regulation in Penicillium chrysogenum involved both inhibition of homocitrate synthase activity and repression of its synthesis. In vitro studies indicated that L-lysine feedback inhibits and represses homocitrate synthase both in low-and high-penicillin-producing strains. Inhibition of homocitrate synthase activity by lysine was observed in cells in which protein synthesis was arrested with cycloheximide. Maximum homocitrate synthase activity in cultures of P.
chrysogenum AS-P-78 was found at 48 h, coinciding with the phase of high rate of penicillin biosynthesis.
Lysine decreases the synthesis of penicillin by Penicillium chrysogenum (2) in low-and highpenicillin-producing strains (12) . The inhibitory effect of lysine is reverted by the addition of aaminoadipic acid (a-AAA) and other intermediates of the lysine biosynthetic pathway such as a-ketoadipate and homocitrate (5, 17) . The-nonprotein amino acid a-AAA is an intermediate of the lysine biosynthetic pathway in filamentous fungi. It is also a component of the tripeptide
8-(L-a-aminoadipyl)-L-cysteinyl-D-vp4ne, which
is the direct precursor of isopenicillin N (10, 16) . The role of a-AAA as an essential intermediate in penicillin biosypthesis has been unequivocally established by studying the behavior of lysine auxotrophs of P. chrysogenum (blocked before and after a-AAA) in relation to penicillin synthesis (8) . Demain (3) postulated that the production of lysine and penicillin occurs through a branched pathway and that the "lysine effect" was due to a feedback regulation of homocitrate synthase.
Homocitrate synthase (acetyl-coenzyme A (Fig. 1 ). Masurekar and Demain (14) described that lysine inhibits in vivo the activity of homocitrate synthase but does not repress homocitrate synthase formation. However, the biosynthesis of lysine in yeast and fungi is subject to both feedback inhibition (7, 9, 13, 18) and feedback repression (9) at the homocitrate synthase level. It was therefore of interest to study whether repression by lysine is also exerted in P. chrysogenum.
Demain and Masurekar (4) described the inhibition by lysine of homocitrate synthesis in P. chrysogenum in vivo but failed to detect any in vitro effect. To elucidate the molecular mechanism of the lysine regulation of homocitrate synthase, we carried out experiments in vivo and in vitro using a low-producing P. chrysogenum strain, Wis 54-1255; a high-producing strain, AS-P-78; and a lysine auxotroph, P. chrysogenum L §. (15) . The auxotrophic requirement (L-lysine) was added to the medium when needed. Strain AS-P-78 was cultured as described previously (12) .
Preparation of cell-free extracts. After 48 h of incubation in production medium (unless otherwise stated), cells were disrupted in a Braun homogenizer with glass beads in 0.05 M Tris-hydrochloride buffer (at pH 7.8 for strain AS-P-78 and pH 7.4 for the Wis 54-1255 and L2 strains), containing 10% (vol/vol) glycerol and 1 mM of the protease inhibitor phenylmethylsulfonyl fluoride. The suspension was then centrifuged for 15 The reaction products were separated by thin-layer chromatography and identified as described by Bhattacharjee and Strassman (1) and Masurekar and Demain (15) . One unit of activity is defined as 1 dpm of homocitrate formed per min of reaction. Specific activity is defined as the number of units per milligram of protein.
Incorporation of L-[U-14CJvaline into penicillin. P. chrysogenum AS-P-78 was grown in the complex production medium with and without L-lysine (10 or 50 mM) for 24 h. Cells were harvested by filtration, washed with sterile distilled water, and transferred to suspension medium (14) .
After incubation for 90 min at 25°C, L-lysine (10 or 50 mM) was added to the medium, and L-[U-'4C]valine (0.25 ,uCi/ml) was supplemented at 120 min. Controls were carried out without lysine addition. Samples were taken over 60 min at 15-min intervals. Mycelium was removed by centrifugation (10 min at 2,000 x g), and the penicillin in 1 ml of supernatant was extracted with 0.5 ml of amylacetate previously acidified to pH 2.0 with phosphoric acid. The organic phase was chromatographed in Silica Gel G thin-layer plates using acetone-acetic acid (95:5) 10 or 50 mM exogenous L-lysine to suspension cultures of P. chrysogenum greatly decreased the incorporation of ['4C]valine into penicillin. To study whether this was due to an inhibition of the activity of penicillin-synthesizing enzymes or to repression of such enzymes, we carried out experiments with cells grown in the absence of lysine and then supplemented with lysine in the suspension system for incorporation of precursors (Fig. 2a) . Lysine at 10 mM or higher concentrations fully inhibited the incorporation of [14C]valine into penicillin. Lysine when added to the suspension medium 30 min before ['4C]valine did not inhibit the uptake of labeled valine (Fig. 2b) as measured by the level of radioactive valine remaining in the medium.
Alternatively, we carried out experiments in which cells were grown in the presence of 10 or 50 mM lysine, washed exhaustively, and suspended in suspension medium for precursor incorporation without lysine (Fig. 2c ). There was a slight stimulation of the incorporation of precursors by 10 mM lysine and a 60% reduction by 50 mM lysine. This result suggests that lysine, in addition to enzyme inhibition, represses the formation of enzymes involved in penicillin biosynthesis, but only at very high lysine concentrations (see below).
The inhibition exerted by L-lysine on the incorporation of ['4C]valine into penicillin was reversed by a-aminoadipic acid, which indicates that lysine is depriving the cell of this intermediate as previously reported. Characterization of the lysine auxotroph L2. P. chrysogenum mutant L2 was characterized as a lysine auxotroph in both solid and liquid lysine assay medium (Difco) with and without supplementation with lysine. It grows but does not form penicillin in lysine assay medium supplemented with 0.4 mg of L-lysine per ml because this medium does not contain a-AAA, whereas the parental strain, Wis 54-1255, produces penicillin under these conditions. However, mutant L2 synthesizes penicillin in complex medium, yeast extract (10 g/liter)-dextrose (10 g/liter), without lysine supplementation, suggesting that the specific branch of the biosynthetic pathway leading to penicillin biosynthesis is functional in this lysine auxotroph (Fig. 3) .
This mutant was shown to excrete homocitrate as proved by the infrared spectrum and by cochromatography with a sample of authentic homocitric acid lactone (Sigma) (Fig. 4) . From these data, mutant L2 appears to be ,blocked in the conversion of homocitric acid to oxaloglutaric acid (Fig. 3) .
Effect of L-lysine on the formation and 5a and b) . However, neither penicillin nor 6-aminopenicillanic acid, the end product of the other branch of the biosynthetic pathway, exerted any inhibitory effect at levels of 1,000 ,ug/ ml ( Fig. 5c and d) .
Regulation by lysine of homocitrate synthase activity in the auxotroph L2. The previous experiments suggest that lysine feedback regulates the homocitrate synthase activity since it inhibits the in vivo formation of homocitrate. To check whether repression of this enzyme was involved, homocitrate synthase activity was measured in cell-free extracts of cultures grown with and without lysine in antibiotic-producing complex medium. The inhibitory effect of lysine added directly to the enzyme assay system was also tested.
The results shown in Table 1 indicate that addition of 50 mM lysine during the enzyme assay produced a 22% inhibition. When the cells were grown in lysine (daily supplementations) a 42% inhibition of homocitrate synthase activity was observed, and when lysine was added during both growth and enzyme assay an additive 67% inhibition was obtained. The results suggest that Supplemented with 1,000 pg of 6-aminopenicillanic acid (6-APA) per ml.
homocitrate synthase activity is inhibited and repressed by high concentrations of lysine.
Due to the relative insensitivity of homocitrate synthase to lysine in complex medium (a maximum 67% reduction of activity was obtained even at lysine concentrations as high as 50 mM), we studied the same effect in a synthetic medium. Czapek-asparagine medium (supplemented with a low concentration of lysine because strain L2 is a lysine auxotroph) supported good mycelial growth but did not favor penicillin production; a 98% repression of homocitrate synthase activity occurred when cultures in Czapek-asparagine medium were grown in the presence of 50 mM lysine ( Table  1) . Addition of lysine only during the enzyme assay resulted in a 48% inhibition of homocitrate synthase activity.
Regulation by lysine of the homocitrate synthase activity in the low-penicillin-producing strain Wis 54-1255. Experiments on lysine regulation of homocitrate synthase using the low-producing prototroph strain Wis 54-1255 in complex and defined Czapek-asparagine media gave results very similar to those of the auxotroph mutant L ( Table 1 ). The homocitrate synthase activity of this strain is subject to both inhibition and repression in cells grown in either complex or defined medium. However, the homocitrate synthase activity of cells grown in Czapek-asparagine was much more sensitive to lysine than the enzyme of cells grown in complex medium.
The similar sensitivity to lysine in the lowproducing strain Wis 54-1255 and the lysine auxotroph L2 reflects the fact that the former is the parental strain of the auxotroph. Introduction of the mutational block in the lysine pathway after homocitrate does not affect the enzymatic activity or the regulatory properties of the homocitrate synthase.
Regulation by lysine of the homocitrate synthase activity in the high-penicillinproducing strain AS-P-78. In vivo studies of the high-producing strain AS-P-78 as compared to the low-producing strain have shown that lysine inhibits total penicillin synthesis to a similar extent. However, onset ofpenicillin synthesis occurred even at a high lysine concentration in the high-producing strain, whereas in the lowproducing strain lysine had to be depleted before penicillin production started (12) .
We studied the sensitivity of homocitrate syn- thase of the high-producing strain AS-P-78 in the complex medium (but not in Czapek-asparagine medium, where the strain AS-P-78 grows very poorly). The enzyme of the high-penicillinproducing strain was still partially sensitive to lysine inhibition and repression, although to a lesser extent than that of low-producing strain Wis 54-1255 (Table 1) . Effect of the intracellular pool of lysine on the in vitro activity of homocitrate synthase. The large reduction of homocitrate synthase activity of cells grown in the presence of lysine appears to be due to repression of homocitrate synthase formation. However, the possibility that the enzyme was formed and its activity was inhibited during the in vitro assay by the increased pool of lysine existing in lysine-grown cells could not be excluded a priori. Results of experiments in which denatured extracts of cells grown in 50 mM lysine were added to cell-free extracts containing active homocitrate synthase activity showed that the lysine pool of cells grown at a high lysine concentration was not enough to inhibit homocitrate synthase in vitro. This result indicates that the reduction of homocitrate synthase observed in cells grown in a high lysine concentration is not due to inhibition of enzyme activity by the lysine pool during the in vitro assay but to repression of the formation of this enzyme. Time sequence of homocitrate synthase formation. The homocitrate synthase is an enzyme involved in lysine biosynthesis as well as in penicillin formation. Studies on the time sequence of enzyme activity during the culture (Fig. 6a) indicate that the maximum homocitrate synthase activity in the cells existed at about 48 h of incubation, coinciding with the phase of rapid penicillin biosynthesis. A high evel of homocitrate synthase was observed until 96 h of incubation. Thereafter, both homocitrate synthase activity and penicillin synthesis decreased sharply. This result suggests that, after growth, a high level of homocitrate synthase activity is maintained, presumably to synthesize a-AAA for penicillin formation.
The time sequence of homocitrate synthase activity of cells grown in the presence of 50 mM lysine is shown in Fig. 6b . Lysine-grown cells clearly showed lower levels of enzyme than control cultures, but the time sequences of enzyme formation appeared to be similar. Significant levels ofhomocitrate synthase were formed even in cells grown in 50 mM lysine. It seems, therefore, that lysine only partially represses homocitrate synthase formation.
Effect of cycloheximide on protein synthesis and homocitrate synthase formation in strain AS-P-78. To establish whether lysine affects penicillin biosynthesis in cells in which protein synthesis has been blocked with protein synthesis inhibitors, we studied first the effect of cycloheximide on protein synthesis in cultures of P. chrysogenum in defined production medium. As shown in Fig. 7a , cycloheximide at 70 ,g/ml fully inhibited incorporation of ["4C]leucine into proteins for at least 6 h.
When protein synthesis was inhibited, a slight decrease of the homocitrate synthase activity in the cell was observed. In control cultures the specific activity of the enzyme increased slightly over the 6-h period, whereas in cultures in which protein synthesis had been inhibited there was a small decrease in homocitrate synthase activity (Fig. 7b) . Identical results were obtained in complex production medium. These results suggest that the homocitrate synthase in vivo is relatively stable and that there is only a small showed an increased enzyme activity, up to 1,350 to 1,450 U. This result suggests that there was an increase in activity after the removal oflysine.
When synthesis of proteins was prevented by cycloheximide, the homocitrate synthase activity (1,850 U/mg of protein) was not greatly affected during the 6-h period, but if lysine was added to cells with blocked protein synthesis, a small reduction of homocitrate synthase activity (1,370 U/mg of protein) was observed. This result is explained on the basis of inhibition of enzyme activity when protein synthesis is blocked.
DISCUSSION
The biosynthesis of lysine in yeast and fungi is feedback-regulated by high concentrations of lysine. Similar results have been described in P. b chrysogenum (12, 14) . However, different authors disagree as to whether this control is exerted by feedback inhibition or feedback repres-H 0 sion. In all cases, the control of the lysine bio--0------synthetic pathway is primarily exerted at the _-----homocitrate synthase level.
In Saccharomyces cerevisiae (18, 19) and Neurospora crassa (9) homocitrate synthase is both feedback inhibited and repressed by lysine, whereas in Saccharomycopsis lipolytica only inhibition has been reported (7). In P. chrysogenum, Demain and Masurekar (4) described in vivo inhibition but not repression of homocitrate synthase by lysine, and they failed to detect any 0 2 4 6 in vitro effect (15) . Our results both in vivo and in vitro suggest that lysine inhibits and represses T m e ( h.) homocitrate synthase ( Fig. 3 ) (see Table 1 ). The ct of cycloheximide on protein synthe-detection of in vitro activity is probably the itrate synthase activity in cells of P. result of a careful cell disruption (see Materials 4S-P-78. Cells were grown in defined and Methods). In vivo experiments using the dium. (a) Cycloheximide was added at lysine auxotroph L2 blocked after homocitrate ited by the arrows. (b) After addition of indicated that homocitrate formation by this at Oh, cells were broken at 0, 2, 4, and strain is feedback-regulated by lysine (Fig. 5) . In omocitrate synthase was measured in vitro experiments using cell-free extracts of lowfracts.
or high-penicillin-producing strains indicated that the homocitrate synthase of P. chryso-,nzyme activity when protein syn-genum was only partially sensitive to lysine ked with cycloheximide, probably when cells were grown in complex medium, reof enzyme turnover.
quiring 50 mM lysine to get 50% repression of Lby L-lysine of homocitrate syn-enzyme activity (Table 1) . However, in cells ty in cells in which protein syn-grown in defined medium a 100% repression of teen blocked by cycloheximide. the homocitrate synthase activity was obtained ansion cultures of cells grown with-using the same lysine concentration. Also, 100% Id a homocitrate synthase activity repression of homocitrate formation in vivo was ,hich increased very little during a observed in the defined Yamamoto medium. n period. Cultures grown in 50 mM Interestingly, cells grown in defined medium ,hen suspended in lysine-supple-showed a lower specific homocitrate synthase um had an activity of 1,000 to 1,200 activity. The existence of two different isoenells grown in medium with lysine zymes with contrasting properties as occurs in ipended in medium without lysine S. cerevisiae (19) might explain the differences observed in activity and feedback sensitivity of homocitrate synthase when cells are cultivated in complex or defined media. Other amino acids at 50 mM concentrations did not affect homocitrate synthase activity (J. M. Luengo, manuscript in preparation).
The presence of a dual inhibition-repression regulatory mechanism insures fine control of the lysine biosynthetic pathway as occurs in the biosynthesis of many other amino acids. One important observation is that homocitrate synthase of S. cerevisiae is much more sensitive to lysine. It is strongly inhibited by 1 mM lysine, whereas the homocitrate synthase of the cephalosporin producer Cephalosporium acremonium is totally insensitive to lysine (Luengo, in preparation) . It is interesting to speculate on the low degree ofregulation ofhomocitrate synthase by lysine in ,B-lactam-producing fungi as compared with S. cerevisiae. Production of high levels of penicillin and cephalosporin by these fungi may have evolved thanks to the partial insensibility of homocitrate synthase to lysine, making possible the synthesis of large amounts of a-AAA required for ,B-lactam biosynthesis.
Cells grown in lysine, or grown in absence of this amino acid but supplemented with lysine in the suspension medium, showed a greatly decreased penicillin biosynthetic activity, as measured by the incorporation of ["4C]valine into penicillin (Fig. 2) , because lysine is depriving the cells of a-AAA. This inhibitory effect of lysine is reverted by a-AAA, which appears to be the limiting amino acid for penicillin biosynthesis (G. Revilla et al., manuscript in preparation) (6) .
